Background
The Rho GTPases are a subgroup of the Ras superfamily of 20-30 kDa GTP-binding proteins that includes Rho, Rac and Cdc42. These proteins are ubiquitously expressed from yeast to humans, conserved in primary structure and 50-55% homologous to each other. Rho GTPases act as binary molecular switches by cycling between inactive GDP-bound and active GTP-bound forms to regulate various cellular functions [1] [2] [3] . Microinjection and overexpression studies in mammalian cells have revealed roles for Rho, Rac and Cdc42 in actin cytoskeleton remodeling in response to extracellular stimuli [1, 2] . Increasing evidence has also suggested that Rho GTPases have important roles in diverse cellular processes such as transcriptional regulation, cell-cycle progression, membrane trafficking, chemotaxis and axonal guidance [1, [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] . Furthermore, potential developmental roles of Rho GTPases have been implicated from genetic analyses of Drosophila and Caenorhabditis elegans, and from transgenic mouse studies [13] .
Cdc42 was discovered as an essential gene in Saccharomyces cerevisiae that is required for budding and establishment of cell polarity [14] [15] [16] . In fibroblasts, overexpression of activated Cdc42 leads to filopodia formation, whereas activated Rac and Rho induce lamellipodia and stress fibers respectively [17] [18] [19] . A hierarchical relationship has been proposed in which Cdc42 is a proximal mediator that signals to Rac [1, 19] . Recently, N-WASP, a homolog of the Wiskott-Aldrich syndrome protein (WASP), has been shown to provide a critical link between Cdc42 signaling and actin polymerization [20] [21] [22] [23] [24] [25] . Information on upstream signals and components that regulate Cdc42 activity with respect to actin assembly is limited, however. Furthermore, whereas Cdc42 and Rac, but not Rho, have been implicated in the stress-activated protein kinase signaling cascades, the physiologic significance of these findings has not been assessed [3, 7, 26, 27] .
Results and discussion

Cdc42 deficiency results in early embryonic lethality
To directly assess the physiological consequences of Cdc42 deficiency, we inactivated Cdc42 in the mouse germline. The murine and human Cdc42 genes contain six coding exons (Figure 1a ) [28, 29] . The first Cdc42 coding exon encodes the amino-terminal domain of the Cdc42 protein, which binds GTP and the catalytic magnesium ion. This domain is essential for GTPase activity and is also responsible for the interactions between Cdc42 and target proteins [30] [31] [32] . To generate a null mutation of Cdc42, we used homologous recombination to replace the first coding exon with a loxP-flanked PGK-Neo cassette in TC1 ES cells. The loxP sites ensure that the neomycine-resistance selection marker (Neo) can be deleted via Cre-mediated recombination to generate a 'clean' deletion [33] . Multiple independent Cdc42 +/-ES clones were identified by Southern analyses and three were used to generate chimeric mice that were bred for germline transmission.
Crosses of Cdc42 +/-mice revealed that Cdc42 deficiency causes early embryonic lethality. Thus, no Cdc42 -/-offspring were born and no Cdc42 -/-embryos were recovered as early as embryonic stage 7.5 (E7.5) (Figure 1b , Table 1 ). Intercrosses between Neo-deleted Cdc42 +/-mice also failed to yield homozygous mutant embryos (data not shown). Histological analyses of all uterine decidua recovered at E5.5 from timed matings of Cdc42 +/-mice revealed that approximately 25% of the embryos were smaller than normal, disorganized in structure and largely lacking embryonic primary ectoderm (Figure 2a,b) . By E6.5, a similar proportion had largely degenerated (Figure 2c,d) . Statistically, the defective embryos are likely to be Cdc42 deficient as analyses of embryos derived from intercrosses of the wild-type mice with the same genetic background revealed that less than 5% were abnormal ( Figure 2 , and data not shown). Recently, Rac1 was also found to be required for embryonic development, but lethality occurred at a slightly later stage [34] . We note, however, that our developmental findings do not rule out the possibility that absolute Cdc42 deficiency could result in even earlier lethality, as it is conceivable that maternal Cdc42 might fulfill early developmental functions in Cdc42 -/-embryos. In fact, given that the Cdc42 null mutation is cell lethal in yeast, and that only one mammalian homolog has been reported, it seemed possible that complete absence of Cdc42 might even cause lethality of murine cells. from Cdc42 +/-ES cells (data not shown). Despite extensive efforts, however, no Cdc42 -/-ES cells could be derived by these approaches. Next, we used a PCR-based genotyping strategy to demonstrate that Cdc42 -/-blastocysts were viable and visually normal at E3.5. Moreover, when individually cultured on gelatin-coated dishes, Cdc42 -/-blastocysts grew and differentiated in vitro in a manner similar to that of wild-type blastocysts ( Figure 1c , Table 1 ). The viability of Cdc42 -/-blastocysts suggested the possibility of deriving Cdc42 -/-ES cells directly [35] . By culturing single blastocysts on feeder cells, we succeeded in obtaining Cdc42 -/-ES cells, as confirmed both by Southern ( Figure 3a ) and western blotting analyses ( Figure 3b ). As predicted for a null mutation, the Cdc42 -/-ES expressed no detectable Cdc42 protein, whereas levels of several other Rho GTPases tested for, including Rac1 and RhoA, remained comparable to those of wild-type ES cells Earlier studies in which mutant forms of Cdc42 were overexpressed in cell lines suggested a specific role for this protein in selective induction of the mitogen-activated protein kinase (MAP kinase) cascades [3, 7, 26, 27] . To test directly for the requirement for Cdc42, we assayed Cdc42 -/-ES cells for the ability to phosphorylate specific members of these cascades, including c-Jun N-terminal/stress-activated protein kinase (JNK/SAPK) and p38 as well as both isoforms of extracellular signal-regulated kinase (p44 ERK1 and p42 ERK2). Following treatment with anisomycin, UV irradiation or sorbitol, phosphorylation of both JNK and p38 kinases in Cdc42 -/-ES cell lines was induced at comparable levels to that of wild-type cells (Figure 4a , and Supplementary material). We also found that JNK, p38 and both isoforms of ERK were similarly rapidly phosphorylated upon stimulation of Cdc42 -/-ES cells with serum ( Figure 4b , and Supplementary material). Our findings therefore clearly establish the existence of Cdc42-independent mechanisms for activation of these MAP kinase pathways.
Cdc42 is essential for PIP 2 -induced actin polymerization
The actin cytoskeleton is a dynamic structure that cells maintain by tightly regulating temporal and spatial actin assembly in response to extracellular signals. When grown on fibronectin-coated coverslips, wild-type ES cells attached well and showed a rich mixture of actin Table 1 Genotypes of neonates and embryos derived from Cdc42 +/-intercrosses.
Timed breeding of heterozygous Cdc42 mice was set up in a pathogen-free facility. Neonates and embryos were harvested at indicated time. Blastocyst, freshly isolated E3.5 embryos; Outgrowth, blastocyst cultured on gelatin-coated dishes. Genotypes were assayed by Southern analysis or by PCR (E3.5).
Figure 4
Activation of JNK, p38 and ERK in Cdc42 -/-ES cells. ES cells were grown on gelatincoated plates without feeder cells for at least two passages before being used in these experiments. All assays were conducted within five passages and two independent cell lines of Cdc42 +/+ and Cdc42 -/-were used in parallel. Antibodies used in western blotting specifically detect dually phosphorylated isoforms of JNK (Thr183/Tyr185), p38 (Thr180/Tyr182) or p44/p42 ERK (Thr202/Tyr204). Three independent experiments were performed and one representative experiment is shown. Quantitative analysis of results can be found in the Supplementary material. cytoskeleton structures that included stress fibers, lamellipodia and microspikes of different sizes (Figure 5a,c) . In contrast, more than 80% of the Cdc42 -/-ES cells had a rounded morphology and were smaller in size. In addition, the actin structures present in the Cdc42 -/-ES cells were limited to diffuse and disorganized cytoplasmic actin, concentrated actin in cortical areas of the cells, and a few short microspikes (Figure 5b,d) . Given the fact that Cdc42 -/-ES cells exhibited an abnormal actin cytoskeleton, it seemed likely that these mutant cells may also have motility and/or adhesion defects. Assaying for such defects in ES cells is problematic, however, as ES cells tend to form colonies and, in general, are not motile. To further address this issue, we cultured ES cells in differentiating medium free of lymphocyte inhibitory factor (LIF) to form embryoid bodies [35] and derived 'fibroblast-like cells'. Preliminary analyses of these Cdc42 -/-cells suggested defective adhesion and migration of cells in the context of various extracellular matrix proteins including fibronectin, collagen and laminin (F.C. and F.W.A., unpublished data).
Phosphatidylinositol 4,5-bisphosphate (PIP 2 ) is a signaling intermediate that interacts with several actin-binding proteins [36, 37] . Both the GTP-bound activated form of Cdc42 and PIP 2 can stimulate actin polymerization in Xenopus egg extracts and dominant-negative Cdc42 inhibits PIP 2 -induced actin assembly [38] [39] [40] . To examine directly the functional relationship of PIP 2 and Cdc42 in actin assembly, we assessed the requirement for Cdc42 in PIP 2 -induced actin polymerization. Cell extracts were prepared from wild-type and Cdc42 -/-cells and pyrene actin assays were performed in vitro as previously described [38, 41, 42] . Whereas PIP 2 was able to induce robust actin assembly in extracts from wild-type cells, it failed to stimulate any actin polymerization in Cdc42 -/-extracts. Negative controls using only the carrier lipids phosphatidylcholine (PC) and phosphatidylinositol (PI) validated the specific activity of PIP 2 (Figure 6a,b) .
To ensure that extracts from Cdc42 -/-cells had intact downstream actin assembly components, purified wildtype Cdc42 was used in reconstitution experiments. We demonstrated that activated Cdc42 (GTPgS charged) triggered actin polymerization in the Cdc42 -/-extracts to an extent indistinguishable from that observed with wildtype extracts (Figure 6c) . A critical link between Cdc42-dependent signaling and actin assembly has been proposed to be a ubiquitously expressed WASP family protein, N-WASP [23] [24] [25] 43] . N-WASP contains a domain that binds PIP 2 , a Cdc42-binding (GBD) domain, a proline-rich region, a G-actin-binding verprolin homology (V) domain, a cofilin homology (C) domain and a carboxyterminal acidic segment (A). A carboxy-terminal fragment of N-WASP containing the V, C and A domains interacts with the Arp2/3 complex and dramatically stimulates its actin nucleation ability [25, [44] [45] [46] [47] . Correspondingly, the N-WASP VCA fragment stimulated actin polymerization in Cdc42 -/-extracts, but, unexpectedly, at an even higher rate than in wild-type extracts (Figure 6d ). This enhanced stimulation of actin polymerization by the VCA domain in Cdc42 -/-extracts might reflect the more ready availability of downstream components, such as the Arp2/3 complex, in Cdc42 -/-extracts because of the presumably inactive state of endogenous N-WASP in the absence of Cdc42. Alternatively, it is conceivable that an inhibitory regulator of actin nucleation reaction in wildtype cells is downregulated in the Cdc42 -/-cells to compensate for loss of positive regulation via Cdc42. In any case, our findings firmly establish that PIP 2 -induced actin assembly is mediated by Cdc42.
Conclusions
In yeast, Cdc42 is essential for cell viability, and in mammalian cells, studies of dominant-negative mutants in established cell lines have implicated Cdc42 and Rac as essential for cell-cycle progression and Ras transformation [6, 7, 9, 10] . Thus, it is striking that our genetic studies unequivocally show that Cdc42 is not required for ES cell viability or proliferation, although we do not exclude possible roles in other cell types. The differential requirements for Cdc42 between yeast cells and mammalian ES cells might be attributed to differences in cell physiology, for example with respect to the mechanisms used for cell division. On the other hand, such differences may also reflect the presence of redundant factors in mammalian cells compared to yeast. In this regard, we show that Cdc42 -/-ES cells exhibit activation of the JNK, p38 and ERK pathways upon appropriate stimulation, providing direct evidence for redundant functions of different Rho GTPases and/or other factors in these MAP kinase signaling cascades. A related possibility would be the occurrence of compensatory increases in the expression of another Rho GTPase in Cdc42 -/-ES cells, resulting in overlapping activity with Cdc42. At the expression level, we did not find such increases in Rac1 and RhoA in Cdc42 -/-ES cells. We have not, however, ruled out increased expression of other Cdc42 homologs such as TC10 [48] [49] [50] or Chp [51] , for which there are no readily available antisera.
Our studies clearly show that Cdc42 is absolutely required for the early stages of murine development and for normal actin cytoskeleton organization in ES cells. Moreover, our assays of extracts made from Cdc42-deficient ES cells provide direct evidence that PIP 2 -induced actin polymerization in mammalian cells is mediated by Cdc42. In this context, local concentrations of plasma membrane PIP 2 have been proposed to regulate the local adhesion between the actin-based cortical cytoskeleton and plasma membrane and, therefore, to control cell shape and dynamic membrane functions [52, 53] . Given that Cdc42 is not required for ES cell proliferation or activation of the MAP kinase cascades, we speculate that a major factor contributing to defective post-implantation development of Cdc42 -/-embryos could be an inability to properly form and reorganize actin-based cellular structures crucial for further gastrulation.
Materials and methods
Generation and genotype analysis of Cdc42 knock-out mice and embryos
The Cdc42 knock-out mice were generated by standard methods. To PCR genotype single blastocysts, timed breeding of Cdc42 +/-mice was set up, E3.5 embryos were harvested individually into 20 ml lysis buffer (50 mM Tris pH 8.0, 0.5% Triton X-100, proteinase K to 1 mg/ml) and incubated at 50°C, overnight. The lysate was heat inactivated at 95°C for 5 min before PCR reaction with following primers: common forward primer: 5¢-ATATCGGTCACTGTTCTACTTTG-3¢; knock-out reverse primer: 5¢-CCTTCTTGACGAGTTCTTCTGAGG-3¢; wild-type reverse primer: 5¢-AGTTGGTACATATTCCGATG-3¢.
ES cell culture
ES cells were derived following protocols described in [28] . The earlypassage Cdc42 +/+ and Cdc42 -/-ES cell lines were cultured on gelatin-coated plates in DMEM (Gibco-BRL) containing 15% fetal bovine serum (FBS, Sigma), 2 mM L-glutamine (Gibco-BRL), 0.1 mM nonessential amino acids (Gibco-BRL), 0.1 mM b-mercaptoethanol (Sigma), 100 units/ml penicillin-streptomycin (Gibco-BRL), and 1000 units/ml lymphocyte inhibitory factor (LIF, Gibco-BRL) at 37°C and 5% CO 2 .
MAP kinase analysis
Following the indicated treatment, ES cells were lysed in KLB buffer (25 mM Tris-HCl pH 7.4, 150 mM NaCl, 5 mM EDTA, 1% Triton X-100, 10 mM sodium pyrophosphate, 10 mM b-glycerophosphate, 1 mM sodium orthovanadate, 10% glycerol) supplemented with 1 mM PMSF, 1% aprotinin, 1 mM DTT and 0.1 mM H 2 O 2 -activated sodium pervanadate. Rabbit polyclonal antibodies against phospho-JNK, phospho-p38 and phospho-ERK (New England Biolabs) were used for western blotting. Protein normalization was done using antibodies against p54 JNK, p38 (New England Biolabs) and ERK2 (Santa Cruz Biotechnology). Horseradish peroxidase-conjugated secondary antibodies (Pierce) were used in an enhanced chemiluminescence detection method (Amersham).
Actin cytoskeleton staining
Coverglasses were coated with human plasma fibronectin (Gibco-BRL) at 37°C for 2 h and washed with PBS before use. 5´10 4 ES cells are seeded on fibronectin-coated coverglasses in a 24-well plate for 20 h and fixed in 4% paraformaldehyde. Cells were then permeabilized and stained with rhodamine-conjugated phalloidin.
In vitro actin polymerization assay
For the preparation of cell extracts, ES cell pellets were thawed and resuspended in an equal volume of lysis buffer (10 mM HEPES pH 7.6, 100 mM KCl, 1 mM MgCl 2 , 0.1 mM EDTA, 1 mM DTT, 10 mg/ml chymostatin, pepstatin and leupeptin, and 0.5 mM PMSF). Cells were then broken using a probe sonicator and the lysate was centrifuged at 3000g for 30 min. The supernatant (low-speed ES cell extract) was carefully removed from the nuclear pellet, diluted sevenfold in lysis buffer, and centrifuged at 400,000g for 1 h. The clear supernatant was collected and concentrated to 0.5-1 volume of the original low-speed extract using a Centriprep-10 spin column (Amicon Corp). The high-speed ES cell extract was then supplemented with an energy-regenerating mix (1 mM ATP, 1.25 mM MgCl 2 , 7.5 mM creatine phosphate) and stored at -80°C. Actin polymerization was assayed in the ES cell extracts following a previously published protocol [38] . Briefly, cell extracts were diluted in the lysis buffer to the same final concentration (~10 mg/ml) and then supplemented with 1 mM pyrene-labeled rabbit skeletal muscle actin. Fluorescence was monitored in 80 ml samples of reaction mixture using a fluorospectrometer. After the basal fluorescence was stabilized within 5 min, 2-5 ml of phospholipids, Cdc42 or NWASP-VCA were added to stimulate actin polymerization. The initial rate was measured from the initial slope of fluorescence increase, and the maximum F-actin was calculated from the fluorescence difference between the peak and the baseline.
Supplementary material
Supplementary material including a table showing the activation of MAP kinases in wild-type and Cdc42-deficient ES cells is available at http://current-biology.com/supmat/supmatin.htm.
